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CHARTS FOR THE ANALYSIS OF ONE-DIMENSIONAL
STEADY COMPRESSIBLE FLOW

By L. Richard Turner, Albert N. Addle
~and Richard H. Zimmerman

SUMMARY

" Charts ars presented in terms of dimensionless parameters
to facilitate the computation involved in the solution of equations
of one-dimensional steady flow of & compressible fluid., These
‘charts can be effectively used in analyses involving constant or
variable specific heats in the subsonic and supsraonic ranges.

Exsmples are glven in which the charts are applied to the one-
dimenslonal analysis of 1desl adisbatic steady flow in ducts of .
verying area and of nonisentroplic frictionless steady flows., A
discussion is also given of the application of the charts in the

analysis of adisbatic stéady flow with sxternal forces and of fliows

simultaneously 1nvolving friction, changes in area, and addition of
heat. _ , oy

INTRODUCTION

Many of the problems involving the. steady flow of & compressible
fluid in a duct ecan be solved with sufficient accuracy for
engineering purposes by treating the fiow a8 "ons-dimensional”; that
is, a flow ia which She V“lO“iTy, e preg sure, and ‘the terperature’
of the fluid are sasumed Lo be comaiant ovsr any Ziven cross .sectien
of the duct and ars therefore funciions oniy of the distance along
the duct. .

In many cases the algebralc solution of these one-dimenslonal
compressible flow problems 1s difficult, particular¥y for flows with
velocitles near the velocity of sound and flows with supersonic
velocities for which variatlons in specific heat and .gas constant are
important.. Numerous chsrts have been published for use in the
solution of specific problema involved in -the steady flow of a
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compressible fluid. This report, however, presents charts of a
general nature that facilitate the solution of a large number of
problems concerning flow processes, which Involve variable or constant
specific heats, friction, heat transfer, snd combustion including &a
change in masa flow end the accompanying chenge in momentum.

The application of the charts to the analysls of 1ldeal adiabatic
steady Flow in ducts of varying area is illustrated by sample compuba-
tlona of the flow in a convergent-divergent nozzle and in &n under-
expanding Jet and by celculation of the total temperature of a fliuid
from ite measured Jet thrust. The use of the charts in the analyels
of nonisentropic firictionless flows 1s 1llustrated by sample computa-~
tions of theoretical normal compressibility shock, combustion in &
tube of constant cross section, flow in.a duct with an abrupt change
in cross-gectional area, and flow in & Jet pump. : A discussion is
also given of the application of the chaxrts in the analysls of
adiabatic steady Flow with external forces and of flows simultaneously
involving friction, changes in. area,.and addition of heat.

ANALYSIS AND DESCRIPTION OF CHARTS

The steady flow of a compressible fluid in a duct can be
considered one dimensional if velocity, pressure, and temperaturs of
the fluld are aasumed to be constant over any croes section of the
duct, Each flow parameter at any cross sectlon can be uniquely
determined from the principle of conservation of energy, the principle
of conservation of mass, the equation of state of the fluld, and the
specific heat of the fluld, when any four independent quantitles such
as total energy, mass flow, static pressure, and crosg-sectional area
are specified. :

Equations of one-dimensional flow of perfect gas with varlable
specific heats, - If the fluild is a perfect ges, its total energy is
a function only of 1ts total temperature. A specification of the
total temperature ils therefore equivalent to a speciflcation of the
total energy.

In accordance with the principle of the conservatlon 'of mass as
applied to a one-dimensional flow, the total mass flow W “through any
cross-sectional area A is a constant :

W = puA = constant. T : - (1)

wvhere u and p are the veloclty and the denslity, reaspectively.
For convenience, all gymbols ave defined in the appendix.
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The equation of etete of a perfect gas is ' _
| = PERT (2)

where p, R, and T are static pressure,gas constant, and static
temperature, respectively, and g is the ratio of gravitational to
absolute unit of mass. - -

The important flow varilables defined by the conservation laws
and. the equation of stdte may bé combined into a set of related

dimensionless quantities u/A/@RTy, ptA/WANgRTy, and pA/W NgRTy,
called hereln the velocity parameter, the total-pressure parameter,
.and the statlc-pressure paremeter, respectively. This set of
dimensionless quantities is convenlent because it explicitly contains
the mass flow W, +the total temperature Ty, and the total pres-
sure 7py; which remain constant in many flow processes, and because
thelr interdependence can be represented in a simple graphical form.

Reference 1 shows that for eombuetion gases within. the range
of temperatures from about 700° to 2700° R the variation of the ratio
of specific heats ¢y during an lsentropic expansion can be
represented, in the symbols of this report, by the equetion

-0.014

71: .I%) . . | (s)

where 74 18 the ratlio of specific heats at the total temper-

ature Ty of the fluid. The static temperature T corresponding
to each value of the preesure ratio p/pt is glven by

where 7p is an effective value of y defined by the relation

=0.014 014
@)
Because, for an 1deai fluid, the ratio of specific heats ¥ 1ls
a function of only temperature, equations (3), (4), and (5) provide

&8 relation between the instantaneous ratic of specific heats y and
the static temperature T. It is further shown in reference 1 that
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the veloclity u is related to the astatlc pressure p, +total pres-
sure py, &8 constant R, and total temperature Ty Dy the
relation ' : ) .

-1
u _ h . (B .
NeRTy || 7 - L ! P‘o) (6)

where 'yy 18 an effective value of 7 defined by the relation

-0.,014
2h =--(_E_) (7)
Yy \Pt/ . )

The density ls related to the breeaure and fqmperature Hy'the
relation oL S .
S oo B

P

| gRL *~ &RTy \Py

Equations (4), (6),lénd (8)'9én Ys replaced by similar equations
in which™ 7p = yp = 74 = 1,40 'when the filuld is air at low tempera-
tures for which the specific heat may he assumed to be constant,

In terms of the velocity and- the density as described by equa-
tions (6) end (8), the mass flow W +through a duct of area A is
given by

l." -~ [ 7h-l

weon ot @) @y R

which may be rearranged in two ways to define the total-pressure and
static-pressure paramoters: :

X
: : (PJ‘:)7T .
LT 2 - (10)
wV grT, , 7h - 1

-

-~ Yh - 1
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and
yp - 1
(.E.) 7T ‘ :
P
pA - = + (11)
W A gRTy, 7y - 1
2 n
s W P (JL)
Th -1 P
As shown in reference 2 (equation (52)), the equation of
motion of & one-dimensional steady flow may be written (in the
notation of this paper) as
P
3=(Wu + pA) = 4 (12)

where ¢ is the sum of all externai‘forces acting on the fluid per
unit lengtd including the force of friotion at the walls of a tube
or a duct. '

The total momentum {(Wu + pA) has a special significance in
many problems involving the flow of a compressible filuid. The
total-moméntum parameter, which.is the sum of the veloclity and the
static-pressure parameters, ls obteined by reducing the total
momentum to dimensionless form by dividing by the term WlVgBT%

Wu + pA - 'u + pA |

W NgRT, NeRT; W gRTy

(13)

Equations of motion for underexpanding nozzle. - When &
compressible fluid is discharged irom & nozzle at a higher static .
pressure than the pressure of the fluid into which the Jet is flowing,
the fluild of the jet will exp=nd beyond the nozzle. In figure 1, a
Jet of gas is considered to discharge. through a convergent nozzle
from & large closed reservoir. A boundary is passed through the Jet
of gas Just at the end of the nozzle and is drawn entirely around
the reservolr. The thrust F produced by the Jet is equal to the
momentum of the Jet Wu, plus the pressure forces pplpn - POAp;
that is,

F = Wap + Pphy - PoAn - (14)
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where O 18 the subsecript referring to the discharge environment
eand n is the subscript indicating conditions within the gas at
the nozzle exit; that 1s wup,, .p,, and A, are the veloclty, the
pressure, and the area at the mouth of the nozzle, resgpectively.
The thrust F may be so used to define an effective velocity u,
that F = Wa,. - _

The effective velocity parameter u /1/ Y 1is therefore glven
by

do . n_ . Ppfn  Pofp
Ny NeRry  WoGRT, .V NeRT

In generael, when pgo 18 less than Py, the magnitudes of pp

and u, are unchanged by changes in pg. In this case, a simple
relation exists between the veloclty ug and the preassure of the
discharge environment pg, mnamely

due/ Yf&RTL) 1 . (16)
a(poAn/W'V8RTt)

(15)

.Equations (15) and (16) are also valid for the flow of a compressible
fluid from a. supersonic (convergent-divergent) nozzle into & region
in which the static pressure is less than the discharge pressure es
determined at the mouth of the nozzle. In this case, the’ :
subscript n 1n equations (15) and (18) designates the crobs section
at which free expansion begins; that is, the exit cross section of
the divergent seotion of the nozzle. -

Equations (5), (6), (7), (8), (10), (11), and (13) indicate that

the dimensionless parameters u/ 4/gRTt, p-bA/WﬂgRTt, pA/WVgth,
and u/1/gRTt + pA/W’MgBTt and the temperature ratio T/Ti. are
functions only of the pressure ratio p/pt and the ratio of gpecific
heats at the total temperature y4. For fixed values of ¥4, the
values of all the dimensionless flow parameters at one cross gection
of a duct can be calculated if the value of the pressure ratio, the
valve of any one of the dimensionless flow parameters, or the temper-
eture ratio is known.. If the dimensionless flow parameters at one
cross sectlon of a duct are known and if the variation of mess flow,
of area, and of total temperature along the duct is known, the
dimensionless flow paremeters at any other cross section of the duct
can be computed with the Bid of one additional relation, for example,
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constancy of total préssure, constancy of total momentum, or, in the
case of the presence of an exterhal force, the use of equation (12).

Description_of the charts.'#'fhe one-éimensional flow charts
consigt of plots of the veloclty parameter u/@/gBTt, the total-

pressurse parameterf.ptA/WQ/gRIt, and ‘the -total-momentum parameter

u/ AgRTy, + pA/WngRTt against the static-pressure parameter
pA/WA/gRTt. The reciprocel of the veloclty par&meter'fgﬁmt/u has
also been plotted to improve the accuracy at high values of the
independent varlable pA/W VgRTt. Figure 2(a) covers the range of
static-pressure parameter from O to 2.2 for cold elr, that is, a
£luid with a constant retio of specific heats of 1,40. A curve of
Mech number M plotted as a fupction of the statlic-pressure
perameter is included in figure 2(a) for use when the initial
conditions are stated in terms of Mach number. Figure 2(b) covers
the range of static-pressure parameter from O to 2.2 for hot gases
with varilable specific heats., Three values of the instantaneous
ratios of the specific heats at the total temperature of the

fluid 7y of 1.26, 1.30, and 1.34 were chosen for calculations
with veriable specific heats. A linear vertical interpolation may
be used to obtaln the values of the dependent functions for inter-
mediate values of 7y. ) -

Figure 2(c) covers the range of static-pressure parameter
from 2.2 to 4.4. Included in figure 2(c) is a ourve of the
reciprocal of the Mach number plotted as a function of the static~
pressure parameter for cold air with a constant ratio of gpecific
heats of 1.40. The uee of Mach number as the independent variable
has been purposely avoided in obtaining curves of the flow
parameters for varisble specific heats in order to cbtain curves
(fig. 2(c)) that coincide for high values of the stutlc-pressure
parameter for all values of the ratic of specific heats at the total
temperature. Within the range of figuké 2(c), the effects of the
variation of ¥ are negligible on the &cale used and one plot 1is
therefore sufficient for all valiies of oy Ffrom 1.26 to 1.40.

Beyond the range of the abscissa of figure 2(¢), that is, for
values of statlc-pressure parameter greater than 4.4, the following
approximations to the compressible flow equations (equations (6),
(10), (11), and (13)) niay be used t6 calculate the.various functions:

PA 3 )
W/eRT, ! \/2(pg - D) | (27)
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PgA  pA 1 WAeRTy
= + E (18}
W A[GRT, WAf@RTy pA
u DA DA N WlVgth (19)

Nerz, WoeRr, Werr, = P4

/VQRT'E. - - pA + _]; deRl"b (20)
u WAeRT, 7 oA : .

Bauations (17), (18), and (19) are equations of incompressible flow
arranged in dimensionless form. If a constant value of the ratio of
specific heats 7y of 1.40 1s used In place of the effectlve values
of 7 1in equations (6) and (10}, an expresgsion for the reciprocal
of the veloclty parameter can be obtained in texrms of the

zo.k
quantity (pt/p) 4 and the ststic-pressure parameter. The

2, - 1 . .
quantity (p /p) 7 can he expanded in a Taylor's series in powers
of (pt - p}/p in vwhich all terms after the second are found to be
negligibly small. From equation (17) and the expresaion for the
reciprocal of the veloolty parsmeter containing the firet two terms

-1

of the Taylor's series expension of (pt/p) 7, equation (20) is
determined.

In figure 2(a) for which % = 1.40, a vertical dot-dash line
labeled u = a has been drawn through the minimum values of the
total-pressure parameter and total-momentum paremeter, which coccur
at a local Mach numbsr of 1. At thls point the static~pressure
parameter lsg 0.7715. Subsonlic flows ara characterized by values of
statlc-pressure parsmeter greater than 0,7715; supersonic flows have
values of staetic-pressure paremeter less than 0.7715.

Subsonic and supersonic flows in fluids with variable speclific
heats are characterized by values of the statio-pressure parameter
that sre greater or less, respectively, than the critical values of
the statlc-pressure parameter Indicated by the slant lines
labeled u = a on figure 2(b), which intersect the curves of total-
pressure parameter and total-momentum parameter at their respectlve
minimums,
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The existence of minimum values of the total-pressure parameter
and total-momentum parameter sutomastically imposes the condition that
no flow is possible for which the calculated value of either of the
functions is less than their respective minimums.

The dotted lines with the slope of -1 in figures 2(a) and Z(b)
have been drawn tangent to the velocity-parsmeter curve for the free
expansion of & compressible f£luid through a convergent nozzle to &
pressure below the critical discharge pressure as indicated by equa-
tion (16). The total-momentum parameter associated with the Jet
discharged from an underexpanding nozzle is a constant equal to that
at the critical discharge pressure (equation (15)); the horizontal
dotted line tangent to the curve of total-momentum parameter at the
minimum point thus coriresponds to the flow from a convergent nozzle
" to a region in which the pressure is below the critical discharge
pressure of the nozzle,.

Similarly dotted lines with a slope of -1 could be drewn from
the curve of veloclty parameter on figures 2(a) and 2(b) %o represent
the free sxpansicn of & compresesible fluid from supersonic nozzles,
The point on the curve of velocity parameter fram which the dotted
line with slope of -1 is to be drawn would correspond to the value
of veloclty parameter exlsting at the nozzle-exit cross section.

The total-momentum paremeter associated with free sxpansion from the
supersonlc nozzle is a constant equal to. the total-momentum parameter
at the nozzle exit. .

For all cases Of free expansion, the lines representing the
effective velocity parameter and the total-momentum parameter
intersect at a value of static-pressure parameter equal +o zero.

Por free expansion, the area A wused in the flow parameters
is the nozzle-exit area and the downstream static pressure p is
the pressure of the enviromment into which the fluid is flowing pg.

The values of pA/WVVgRTt, u/ﬁ’ gRT,, and T/Ty as a function
of p/pt are shown on figure 3{a) for constant ¥y of 1. 40 and in
figure 3(b) for variable specific heats with 7y of 1.26, 1.30,
and 1.34. A curve of Mach number plotted as a function of .the pres-
sure ratio is included in figure 3(a) as an aid to calculations in
which the given conditions are stated in the form of Mach number.
Curves of Mach number, however, are not included in figure 3(b)
because the use of Mach number is not desirable when the one-
dimensional flow charts are used for analyses involving fluids with
varieble. specific heats,: -~ .

The value of the ratio of gpeclfic heats of the flﬁid at its
total temperature 1is:'shown in figure 4 for two hydrogen-carbon ratios
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of the combustion gas. The value of the gas constant R for the
same fluids is shown in figure 5. Equatlons for o aend R are
given in reference 1. _ ' '

The static-pressure and total-pressure parameters are made
dimensionless by multlplying the parameter comptited from the given
numerical data by the factor K gilven in table I. In order to
facilitate plotting special curves where greater accuracy is desired
then can be obtalned using figures 2 and 3, the computed data used
in plotting these figures are given in tables II and III. The values
of the nondimensional parameters at the critical pressure ratio for
four values of the ratio of specific heats ¥ are glven in teable IV,

STEADY-FLOW-PROBLEMS ILLUSTRATING USE OF.
ONE-DIMENSIONAL FLOW CHARTS

The following exanples illustrate the use of the one-dimensional
flow charts in the snalysis of ideal adisbatic steady flow in ducts
of varying aresg and of nonisentropic frictionless flows. The values
of the flow parameters .used in the following exsmples were taken
from lerge-scale plots of figures 2(a), 2(b), 3(a), and 3{c). A
discussion of the appliéation of the charts to the analysis of flows
with external. forces acting is also included. '

Ideal Adliabatic Flow in Ducts of Verying Area

. In a8 reﬁersible-a&iab&tic,or iEenﬁropiq one-dimensional ateady-
flow process, the flow 1s characterized by constant values of total
temperature, total pressure, and mass flow. .The total-pressure

-

perameter pyA/W4/gRTy 1s therefore proportional to the flow area.
The use of the charts to solve steady-flow problems in ducts of
varyling area is 1llustrated by the following examples:

Convergent-divergent nozzle. - Consider the case of a steady-
flow process in a tube with a convergent-divergent nozzle at the
exit in which upstream velocity, throat area, nozzle-exlt area, and
discharge velocity will be computed with the following conditions
given: '

Upstream passage area, Ay, 8¢ IBis + + ¢ ¢ o & s ¢« s o o « « o+ 10
.. Upstream stetic pressure, pj, 1b/sq in. @bs, + « + &+ + « o » 100
Total temperature, Ty, %R v . v v v v v v v v v b v v o0 TVO
Mass Flow, W, 1ID/BOC v « & v v ¢ 4 o o « « « g o s o o « « 4 15.0
Nozzle-exit static pressure, p3,  1b/sq in, @8bs.. « o « & « 4 4.7
Ratlo of specific heats, 7y, (cohst&nt) "W « + o 4 o+ 4 o o o + 1.40
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The upstream static-pressure parameter calculated from these
conditions 1s .

SRS £V P -'_'.'-""'--' SRR S
PlAl 100 X 10 X K

_' 'I‘l'!“ -
W/\J gRT, 15 of\}’alnxssssxvmﬂ_

= 1. 943

where K is found from table I (Sée’footnote 2, table I) to be
32,174 for the particular set of units used.

From figure 2(a) at a sta%icépressﬁre parameber~ of: 1,943

0 498 T

and

D Y R T L T |

The upstream velbcity is

) = 0.498. ErR 1:14 X 58,35 X /110 = 550 feet per second

The total pressure is found by use of the value of the total-
pressure parameter corrasponding to the upstream statlic-pressure
parameter.

15 XA32.174 X 53.35.X. 710, .
32.174 X 10

o

Pg

"

2.210'%X

iié péuﬁéénpér'séuara iﬁ@h'abgqlgtg

The total pressure .pt bén'élso'be found'from figure'S(a)
because the upstream static preesure and atatio—pressure parameter
ere known.

The total-pressure parameter for ¢ritical velocity at the
throat of the nozzle ls Its minimum value. From Pigure 2(a)
Pha

W aRT,

= 1.461
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The throat area of the nozzle Ao 1s therefore

= 6.6l sguare inches

Ap = 10 X 1.481

2.210
The static-pressure pafamater and velocity parameter at the

nozzle exit are found by first computing the ratio of static pres-
sure to total pressure at the nozzle exit.

P3. . 14.7

Then from figure 3(a) at pz/py = 0.129

pzh
Lo x g 0.313
W fngTt '
and
- -lu . .A. '
-3 = 1.77

T

The nozzle-exit area Az and discharge veloolty 'uz are therefore

o 15 xA/32,174 X 53.35 x 710
Az = 0.312 x 4.7 X 32.174

= 10,92 square inches

ugz = 1.77 X4/32,174 x 53.35 x 710 = 1954 feet per second

Underexpanding Jjet, - If the diverging section of the nozzle in
the previous example 1s removed, the fluid will expand freely after
the nozzle to the discharge static pressure pz of 14.7 pounds per
square inch absolute. The sffective velocity u,, which can be
found for this type of flow from equation (15), is

"o 5=. gz, + PEAE - P3A2
Verr, Aerry W eRT, WAgRTy
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where the subscript 2 refers to the nozzle-sxlt section. A simpler
procedure, however, is.to use the ‘dashed extension of the curve of

. B
velocity paremeter in figure 2(a). The term P32 g
' ‘ WA/ BTy,
“pzhp . 32,174 . '
382 14.7 x 6,61 X 32.1 - o.1888

WAeRTy 15432,174 X 53.35 X 710

From the dashed extension of the curve of. velooity perameter of

figure 2(a), the effective velocity parameter ue/ {/gRTy, which

corresponds to an abseclasa of __Eé_é, 16f ©0.1888, 1is 1.663.
| RLC |

The effective velocity is IR R

. . ¥ s RS

5 = 1.563/[[35 174 X '53’._;3’5’"><-710
1856 feet per second ‘T ; : .tiilvff“fﬁ.
Calculation of total temperature of 8 fluid .from 1et thrust.ﬂ- .
The total temperature of a Jet of fluld discharging from a convergent
-nozzle can be determined if the maes flow. W, thé Jet thrust F,
the discharge area Ap, and the static pressure of the environment
into which the jet is discharging pp are known, A relation between
the totel temperature Ty and the known guantities can be derived
ag follows: The product of the effectiwve velocliy paramster

ue//\/ERI—; and the static’-pressure para:meter pOAn_/W,VERI‘: is .
’VsRTt W'VGRTt WeRTy,
The tetal temperature can therefore be expressed as

(Wue) pQA

We ' ] POAn .-

Ty
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y Fro(8,/42)

= o=

The ratio of the unknown parameters ye/4}gBT£' gnd poAn/W .gRTti is

=

(21)

u

=]
Nere, Wu ¥

= e—— s —— ’
poAn PoAn  Pohn e (22)

Equation (22) could be represented in figure 2 by & straight line
through the origin of coordirztes with a& slope of F/poAn. The values
of ue//VgRTt' and poAn/W/VgRTt- to.bé lsed in equation (21) are
found at the intersection of the straight line repressnting equa-
tion (22) and the curve of velocity parameter or if the nozzle is
underexpanding, the effective veloolty parameter. If the specific
heat of the fluid ig variable, the method of suoccessive approxima-
tions should be used to make the value of y¢  compatible with the .
total temperature. For example, the total temperature Ty of the
fluid 1s computed when an underexpanding Jet of air flowe from a
convergent nozzle under the following conditlons:

Mass flow, W, 1b/880 ¢« v v v ¢« v 4 o o ¢ o s-0 v « 4 » o « o 60
Discharge area, A, 82 LH. ¢« + ¢« « ¢ v v o ¢ c.0 v 0 o0 o s . B
Thrust, T, Ib. . 4 v ¢ o o ¢ 0 s o0 s o « ¢ v e .« « 3800
Discharge pressurs, Dg, 1b/8q In. 8bS. « ¢« « v & ¢« e 4 0 . e 6

The term F/pps, is o

F__ 3800
Dol 6 X 144 X 2

= 2.199

Ag a first approximation, 7t is ggsumed to be 1,34, If a
straight line is drawn through the origin of coordinates on figure 2(b)
with a slope of 2,199, this line would intersect the curves of
veloclty parameter to the left of the curves marked u = & and thus
indicate that the Jjet is underexpanding. At the intersection between
the line with slope F/poAn and the dashed extension (slope = -1) of
the velocity-parameter curve for 74 = 1.34, the values of'-the
effective velocity pearameter and the static-pressure parameter would be
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Uy > L e
= 1.282 % LT L
and -
DA
: S - 0.582 .
LUECN

From equation (21)-thefto£al temperature therefore is

_ 3800 X 6 x 144 x 2 X 32.174
60% X 53,35 X 1,282 X 0.582

Ty

= 1474° B

In figure 4, for a fuel-air ratio of O and a total temperature
of 1474° R, the second approximation to the correct value of = 74
is 1.352, If the procedurse, as described, is repeated for

= 1.352, the total temperature T 1s& 1480° R. In figure 4,
the value of 7y . of 1.352 correaponds closely to the temperature
14809 R; hence, the second approximation of the value of 74 18
sufficiently accurate for the caXculation of the total temperature.

Where the charts are applied to the problem of determining
the total temperature of a Jet, the discharge area A, should
actually be multiplied by a discharge coefficient CW baged on the
ratio of total pressure to statlic pressure at the discharge cross
section of the nozzle. In practice, discharge coefficients arse
based on the ratio of upstream total pressure to discharge static
pregsure, Use of the usual discharge coefficlients, however, will
not introduce any appreciable error in the calculated temperature.

The total temperature of the fluid in an underexpanding Jet
dlscharging from g convergent-divergent nozzle can also be determined
if the static pressure at the discharge cross section of the nozzle
1s known in addition to the thrust, the discharge area, the mass
flow, and the statlc pressure in the discharge enviromment. The
procedure in determining the temperature is the same as that used
for the convergent nozzle except that the straight line drawn through
the origin of coordinates on figure 2(a) or figure 2(b) must intersect
the line representing free expansion from the convergent-divergent
nozzle. This line, as previously explained, has a slope of -1 and
intersects the curve of veloclty parameter at a2 value of shatic-
pressure parsmeter equal to that computed from the statlc pressure
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and the total temperature at the discharge cross section. Because,
in this case, the total temperature is unknown, a series of values

of the total temperature is asgumed and then by trial and error the
position of the free expesnsion line is found such that the computed
total temperature is equal to the assumed value.

This trial-and-error technigue can be considerably shortened by
meking a simple geometrical construction on figure 2(a) or figure 2(b).
For example, in figure 6, which i1s a replot of part of figure 2(b),

a line has been drawn with slope F/poAn, Another straight line is
drawn through the origin of coordinatesg with a slope of F/pnAn
where ©pp 1s the static pressure at the dlscharge cross section of
the nozzle. From a point A chosen on the line labeled F/poAn, a
horizontel line is drawn intersecting the line labeled F/ppAn at
point B. From point B, a vertical line 1g drawn intersecting

the curve labeled u//V§§T% at point C. Through point C a line
ig constructed having a slope of -1 intersecting the line labeled
F/pohAn, &t point D. Point A is then moved along the line

labeled F/poAn and the .construction repeated untll point D,
determined by the construction, coincldes with point A. The final
slant line with slope ~1 is the curve representing the free expansion
from the convergent-divergent nozzle considered., The total tempsra-
ture cen now be obteined by applylng the procedure illustrated by
the example given for the convergent nozzle,

Nonisentropic Frictionless Flows

The principal features of several nonlsentropic steady flows
in ducts may be desgcribed approximately without considering the
effects of wall friction. Examples of such flow processes are
normal compresslbility shock, heat addition or combustion, flow in
a tube with an abrupt change in ares, gnd flow in the Jet pump with
& constant-area mixing length. IZach of these flows is characterized
by the constancy of the total momentum and the mess flow,

Two states of flow corresponding to a single value of the total-
momentum parameter theoretically are always possible: one subsonic
and the other supersonic. It has been shown (reference 3) that the
subsonic regime corresponds to a state of higher entropy than the
supersonic regime., In nearly all ocases the flow, when disturbed,
will be sxpected to adjust itself to the state of higher entropy,
namely ths subsonlc regime.

The use of the charts in the sclution of problems involving
constant total momentum is i1llustrated by the following examples:
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Theoretical normal compressibility shock. - When a compressible
fluid flows through a tube at a velocity greater than the local
speed of sound, the flow may revert more or less discontinuously to
a regime in which the velocity is less than:the local speed of sound.
This phenomenon is called compressibility shock. The condltlons at
some distance on either side of the discontinuity are such that
total energy, mass flow, and total momentum are conserved.

If the following conditions of a gas involved in & normal shock
are glven,the final velocity, the final static pressurs, the initial
and final total pressures, and the ratio of densities before and
after the shock can be determined:

Ratio of specific heats, ¥ . , .., e e s .','

. . + . e sy 1l.40
Total temperature, Ty, PRy , o » o o ¢ « o o s s s o+ « o« « 550
Initial velocity, uy, £t/88C. + 4 + » » o + o « « +'e i7% » 1680
Initial static pressure, pjy, 1b/sq in. &bs. , + + « 4 « + . » 20

The velocity parameter before shock is

uy/ |EE, -

From figure 2{(a), the value of the static-pressure parameter
plAqu/gRTt is 0,327 and the corresponding value of the total-

momentum perameter uj/Af@RTy + p1A/W4/gRTy 1is equal to 2,067.
After the shock to subsonic flow, the total-momentum parameter
remains unchanged at & value of 2.067 and this value locates the
point on the curve of total-momentum parameter in the subsonilc
region. The statioc-pressure parameter and other parameters in the
subsonic reglon are then determined. The following quantities
obtained from figure 2(a) correspond to the values of the total-
momentum parameter in the supersonic and the subsonic reglons:

: 1890 . .1,739
/32,174 X 53.35 X 550 o

i

Supersonic, 1  Subsonic, 2

—S 1,739 0,671
ngTt . . -
~—Ds - EeT 1,399
W | BTy, -' L

DA )

A5 2.362 1.765
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The fipal velocity, is.found from the value of ug//VgBTt-

o - zaoanfqgmt

= .671*{52 174 % 53. 35 X 550
=;65242 feet .per second-

The final static preasure and the initial and final total pressuras
are found as follows- .

BpA
W 4eRT
Pp =Py — t. F 20 x. 24339 .=.85.6 pounds per equare- inch absolute
; P L R O
PR e e e e e e 1 .- - I
w‘ngTt . .o ean pm, il l: T
A . ‘.,. ‘. T ‘.! 41_-__5_‘;-".-.,.!,. er e
Pe,1 . S
W | gRTy, 2.362 ', o . '
Py,1 = P1 PlA - 20.x‘3:3§7”fu;§4f§t?gnn§s per .sguate inch absolute
W eRT, I
'W’J@T‘c 1,765° LT
= 20 X ——357 = 108 O pounds per sqﬁare 1nch absolute

Py,2 = B

1

p1A )
From the equation of continuity, the ratio of the deneity after shock
to the density before ghock pz/pl ‘is mqual to the inverse ratio of
the velocitles., That is,

. o

Uy 1690
5 W " Emop - 2591

In this case, for which ¥ 18 a constant, the product of the
veloclty parameters before and after shook is equal to the sfuare of -
the critical velocity parameter (reference 4). For air
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..a.'EE_.. _/\1__21_ = l
. = T
'VgRT.b 7R 6

that is

1.739 X 0.67L = 1167-»-;:
where a., 1is the critical velooity of sound at which the veloclty
of the fluid equals the velocity of sound, This relation 1s only

approximately valid for shocks in fluids having varlable specific
heats.

Combustion in tube of constant area. - .In an ideal one-
dimensional steady-flow combustion process in a constant-area duct,
the total momentum before and after combustion is constant.

(Wu 4 pAY; = (Wo + pA)y
If, for example, the fuel for combustion is sssumed to be

added with no increase in the momentum of the ges stream, the total-
momentum parameter after combustlion

(pA + Wu)g/Wz ’VéRth,,z

is

Poh _ VeRy Ty, 1 uy piA
4 &RaTy 2 Wz’v gReTy, 2 Wz'VstTt 2 \V&R1Tt,1 WLVSRth,l

The change in total temperature during combustion can be
determined by use of the constant-pressure combustion charts described
in reference 5 or by other similer methods. e

(23)

The initlal and final velocitles and the decrease in static
pressure and total pressurse during combustion can therefore be
determined from the following condlitions:

Mess rate of air flow, W, 1b/86C . « + « 4 v o« =« « « « = « . 2.0
Fuel'air I‘a‘bio, f s e+ a . . L] .- . [ « . & s e w . . LI ) 0.01
Lower enthalpy of combustion of fuel, hg, Btu/id . . . . ~18,900
" Hydrogen-carbon ratio of fuel, m . . . « . « + & « « v « 0,175
Aresa of combustion chamber, A, sq in., . . « « e » ¢ o » 10.0
Total temperature of Inlet air, v e e e e s 600.0
Initial total pressure, Pt,1s 1b7sq in. abs. e e e o ¢ » . 18.0
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With the ald of flgure 1 of reference 5, the total temperature
after combustion Ty 2 1is found %o be 1348C R. The gas constants
of the air and the birned mixture, as obtalned from figure 5, are
53.35 and 53,39 foot-pounds per pound °R, rogpectively. The
reduction factors are

NeR1Ty 1 = A/32.174 x 53,55 x 600 = 1014.8 fest per second

and

NeBeTy,2 = N32.174 x 53.39 x 1548 = 1521.6 feet—per second

The statlc-pressure, total-momentum, and veloclty parameters
before combustion are found from figure 2(c) corresponding to the
value of the initial total-pressure parameter, which is

Pe,1% 18 X 10 X 32,174 _ , oo
200 X‘ 1014 .8 = .
Wy AR Ty, 1
Hence, from figure 2{c)

A

B . 2.667

Wl‘\JsRth,l

= 3.035

’\J 8R1T4, 3. Wl‘\lsRth 1

T

NeRTs,1 g
Uy

from which

—
NeRy Ty 3

The inltial static pressure p; and the initial velocity u; are
then .calculated to be 16.83 pounds per square inch absolute and
373.4 feet per second, respectively.

= 0,368

From equation (23), the total-momentum parameter after cambua-~
tion is
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Uy . DA 1014.8

= 71.01 x 1521.8
NeReTy,2 WA 8BaTy 2

X 3.035

The instantaneous value of the ratio of specific heats after
combustion ¥4 1s 1.352 as determined at the total tempera-
ture 1348° R for the fuel-alr ratio of 0.0l in figure 4.

At a value of 7y ©of 1,352 and at & total-momentum parameter

of 2.004, the values of the flow parameters on figure 2(b) corre-
sponding to the regime of higher entropy (the subsonic regime) sre

up/ AJgRpTy, 2 = 0.729
pzA/Wz’\’ngTt’g = 1.275
pt,zA/sz\ngaTt’z = 1.872 T

hencs,

0.729 x 1521,8

[+
o
H

it

1109 feet per second
o 1:275 X 2.0 X 1.01 X 1521.6

Py =
10 x 32.174
= 12.18 pounds per square inch absolute
_ 1.672 X 2,0 X 1.01 X 1521.6 | e
Pg,2 =

10 X 32.174

15.87 pounde per square inch absolute

The decreases during combustion in static pressure and total
pressure, respectively, are

Pl'Pz = 16-81 - 12l18
= 4,63 pounds per square inch
Pt,l'Pt,Z = 18.00 ~ 15.97

2.03 pounds per sguare inch
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The emount of heat that can be added to & fluid for the given
initial oconditions is & maxipum when the" velveity of flow after
combustion is equal to the local spesd of scund. Thermal choking,
which is evidenced by a decresse in the inlet veloclty of flow,
ocours when this limit of heat addition is exceeded. The minimum
fuel-air ratio required to produce choking for the example clied
1s approximately 0.013 pound of fuel per pound of air. This value
was determined by adjusting the fuel-air ratio to the value that
produced the minimum possible total-momentum parameter on figure 2(p).

Flow in tube with sudden change in crosa section., ~ When a
compressible. fluid flows in & tube having s crosg-gectional area
that enlarges suddenly from arsa Ay to an area Ap (Pig. 7), the
~flow can be defined by the following equatlon relating the forces
aoting on the fluild:

Wuz + pzAz = Way + D141 + p2(Az - A1) (24)

where Az = Ay and the subgcripts 1, 2, end 3 correspond tov an
upstream sectlion, the section Jjust downstresm of the point of
enlargement, and a sactlon located & sufficient distance downstream
thet uniform flow agaln existe, reapectively. Because the mass

flow W and the total temperature of the fluid Ty are constaents,
equation (24) ¢éan be written in terms of the dimensionless parameters
aa follows:

by Pshp o m  mA  PeAL  Pelo
NeRTy WwgRT; AeRTy WAaRT, WA[aRTy W N eRTy,

The calculations that use equation (25) can be divided into two
classes: (a) critical or supersonic velocity at section 1 such that
the mess flow W, the velocity wu), and the pressure p; woluld be
unchanged by a reduction of the pressure pg; and (v) subsonic
flow at section 1 such that the masa flow W dJdepends on the pres-
sure pz.

(25)

In class (a), equation (25) can be used directly to solve for
either of the pressures ps or pz Iif the other pressure or the
velocity uz 1s known together with tlie masgs flow W, or the total
pressure Dy 3, .the total temperature Ty, and the areas Ay
and Ag. If the pressure pp 1 of such a value that a shock occurs
within e nozzle terminating at section 1, equation (25) is no longer
applicable because the flow cannot be treated as one dimensional,
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As an example of & problem of the first class, the mass flow
and the statlc pressure of hot gases flowing through a convergent
nozzle into an enlarged tube can be destermined at the point of
enlargement for the following conditions: "~

Downestreem area, Az, 8q Iin. . o e e e p s e o 1

Downetream static pressure, ps, 1b/sq in. @bs.. . . .. . .. 25
Total temperature, Ty, © e e s e e e e e s s e s . . 2000
Upstream area; Ay, sqgin. ¢ o 0 0 v 0 e s . e e s 2 s 4 2 D
Upstrean static pressure, 7Ppj, 1b/sq in. abs.. . e s s s o o« 20

Tt is tentatlively assumed that the flow in section 1 is critical.
Frov figure 4 for & total temperature of 2000° R, the value of 7y
for alr 1s 1.328. From the slant line marked wu = a and the curve
of total-momentum parameter in figure 2(b), the total-momentum
paramster and staticepressure parameter at cross sectlon 1 are
found by interpclation to be ' S '

Wy D41 A : ’
‘___1:__ + =2~ 1,870 - -
A[gRTy, - W A[gRT,, -

and
P18y
W’VgRTt

"The mase flow W i1s found from the static-pressufe paraneter
PlAl/w/\/ gRTy -to be ’ ST

=0.805 |

20 X 3 X 32.174

W=-
0.805%32.17¢ x 53.35 x 2000

1.294 pounds per second _ .

The downstream statlic-pressure parameter is

Pzfp 25 X 7.X 32.174

——— er— a— =

wAerr, 1.294432.174 x 55.35 x 2000

2.348 ' -
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From figure 2(c), the total-momentum parameter corresponding
to the downstream static-pressure parameter of 2,348 18

- T Pzip
‘\IERT w ‘\/ gRT

The quantity pgAZ/W gRTy - pgAl/WVVgRTt in equation (25) can
therefore be .computed.

Peha 2A1 ' P3fz P1Ay
W AJgBT, WM@n q; w /) N@ﬂt W

2. 760 - 1 870

0.890
The static pressure near the point of enlargement therefore 1s
0.890-W*VgRTt.
Pp = -A
fp = Ay

_ 0.890 x 1.29¢ 432,174 x 53.35 x 2000
32.174(7-3)

= 16,57 pounds per square inch absoluts

Because the pressure p, proved to be less than the given static
pressure pj;, the flow in section 1 is actuslly critical as assumed
in the calculation,

An example of the type of calcﬁlation 1nvolved.1n the solution
of problems of classg (b) is given implicitly in the following
example on the Jet pump.

) Jet pump. - A Jot pump is a device that uses the momentum of a
high-veloclity jJet to pump a £luid from a region of low pressure to
a region of high preassure, If the mixing process takes place in

a duct of constant area, the sum of the total momentums of the two
flulds at the entrance section is. equal %o the total momentum of the
mixture of flulds at the exlt mection. :

t
In order to illuastrate the use of the charts in the solution
of problems of this type, & Jet pump having a constant-area mixing
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length and an underexpanding convergent~divergent nozzle for the
primary alr as shown in figure 8 is amsumed to operate under the
following conditions:

Total pressure of primary air,- Py, @) lb/sq in, e8bsS. . . . « . 40

Total tempsrature of primary air, Tt a’ e+ s « o s a4 « 2000
Throat area of nozzle, Apyn, 89 In.’ . . v 4 4 e ee e . e . 2,00
Discharge area of nozzle, Ap g,..89 1ln.. . « o« o.oe 2,15
Total pressure of secondary air, Dy p, lb/sq in. abs. . . . 14.7
Total temperature of seconlary alr, Tt b2 e ey P . 540
Mixing area, Az, s8¢ in. . . . ¢« e o e s s e s 4« 10
Discharge static pressurs;  Dsz,: lb/sg-inf 8bB. + + « o . . + 18.25

The mass flows of primary and secondgry alr can then be computed in
the following ‘mannetr: The instantaneons velue of the ratio of
gpeciflc heats of the primary alr at 2000° R is found from figurq/i
for a fuel-air ratio of O to be 1,329, Because the nozzle is &
convergent-divergent type operating with an over-all pressure

ratio p/pt less than. the critical pressure ratlio, the total-
pressure parsmeter at the throat of the nozzle is equal to the
critical value of 1.482 as obtained from Figure 2(b) corresponding
to a value of 794 of 1.329. The maass flow of primary alr is found
from the total~pressure parasmeter to be .

Pt,a Amin - - - : -

40 x 2 X 32.174
1.482/\[32.174 X 53.35 X 2000

0.9373 pound per second

Because the total pressure of the fluid in the nozzle is a oconsgtant,
the total-pressure paremeters along the nozzle are proportional .to
the cross-sectionsl areas along thse.nozzle, The total-pressure
parameter at the discharge cross sectlon ie therefore

Pt,a Bna [ Pt,a Mpin \/#n,a
W NEBTy 5 \Wg YERaT, 5 Amig
_ 2.15
= 1, 482 X 5=/ .00

L.583
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As previously explained, the total momentum associated with the jJet
from an undéerexpandihg nozzle is a constant equal to the total
momentum of the fluld et the discharge cross section of the nozzle.
The tobal-momentur parameter corresponding to the total-pressursd
parameter of 1.593 in the supersonlic regilon at a value of 7y

of 1.329 (fig. 2(b)) is

u, P o
D8 . 8 An’E_,a 1.92

/\!33 Tt,a Wa gRe.Tt,a

The total momentum of the primany air is therefore

1,92 x 0.9373
Walin,a + Po,afn,a = S5 X Af32.174 x 53,35 x 2000

= 103.8 pounds

The mass flow of secondary eair is found by determining a static
pressure of the secondary ailr at cross sectlon 2, which 1s consistent
with the speclfied discharge statlo pressure of 18.25 pounda per
squars inch absolute. The required siatic pressure pz can be
determined and, heuce, the mass flow of secondary air, by assigning
& serles of statlic pressures pp, com.uting the corresponding discharge
static pressures pz, and graphically finding the value of ps
corresponding to the specified value of  pz. -

For example, a statlc preassurs ps of 14 pounds per square
inch absolute is chosen. The mass flow of secondary air is found
from the static-pressure parameter at cross section 2., The statice
pressure parameter corresponding %0 & pressure ratio pz/pt b
of 0.9523 1is determined to be 3.185 from figure 3(a). ’

The mass flow of secondary air W, is therefore

I _ 14 x (10-2.15) x 32.174
5.185{gRTy, , 3.185A(32.174 x 55.35 x 540

Wy,

= 1,153 pounds per second

With the aid of figure 2(¢) corresponding to a value of pzAs/W, &Ry, p
of 3.185, the total-momentum parameter of the secondary air at cross
pection 2 is found %o be
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Do A -
2 22 . 3.492 -
’\lgRTtb Wb’V b : .
from which'the total momentum is ' '

' c 1.153 ==
Wpuz + paha _ 3.492 X mn{sz_.ljgx 53.35 X 540

lZO.é.pounds

The total momentum at the diseharge cross. section 2, which is
equal to the sum of the momentums. of the flulde at croes section 2
is . _ .

103.6 + 120.5

1l

(Wg + Wb) uz + Pzhz

N ‘224.1 pounds -

The total temperature of the mixture at the discharge cross
section T4 3 - 1is.found to be 1220° R from a heat balance between
the primary and gecopdary air and the mixture. With these values
of ‘the total momentum, of the mass flows of primary and secondary
air, and of the mixbure temperature, the total-momentum parameter
is computed to be

Uz N . Pzhz o . 224.1. X 32.174
Rty 5 = (W, + ‘ffb)'vgmt,s. 2.090A32.174 x 53.35 x 1220 B
~ 2.384

From flgure 2(a), the static-pressure parameter corresponding to
the total-momentum paremeter of 2.384 is. :

p3hz

(W +wb) \’ 1-,3

The etatio pressure Pz is therefore

= 1.874 L o -

1.874 X

2, 090 N32.174 x 53.35 x 1280 . = . T -

Pz 32,174 X 10

17.81 pounds éer,square inch absolute



28 NACA TN No. 1419

Similar calculations ere madses for a series of other discharge pres-
sures. PFlgure 9 presents a plot of the statlc pressure at cross
sectlion 2 p, and the mess flow of secondary air W, as funoctions
of the discharge statlc pressure psz. The required static pres-
sure pp and the mass flow of secondary alr W, are 14.266 pounds
per square inch absolute and 0.928 pound per second, respectively.’

Steady flows with external forces. - The principal external
forces acting on a fluld flowing in a duct are frictional forces and
pressure forces exerted on the fluld by the walls of the duct. The
differentlial equation expressing the relatione bhetween the forces
acting on the fluild is not, In generel, readily solved. It is
therefore convenlent to apply approximate numerilcal methods of
solution. The use of the charts in applying numerical methods to
the solutlion of the eguatlions of motlion permits a considerable
reduction in the amount of labor involved.

The general case of nonadiabatic steady flow of a cqompressible
fluid with friction and continuous changes in area can be desoribed
' by the differential equation relating the forces acting on the
fluid and by the equation of conservetion of energy. The equation
of motion presented in reference 2 {equation (58)) can be expressed
in the notatign of this report in the followling form:

d(Wu + pA) - pdA + %? puPPax = O - (28)

where Op i1s the surface drag coefficlent or friction factor defined
ag the. frictiona% force per unlt wetted area divided by the dynamic
pressure (1/2 pu®) and P is the wetted perimeter.

Equation (28) can be transformed into an integral equation of
the form .

: _ " px /7 c .
(Wu + pAYy = (Wu + DA)y0 +j; (\p g—f—é ZD WP‘Ddx ~ (27)

A solution of eguation (27) can be cbtained by the method of succesaive
approximations (reference 8), if the area A, the wetted perimeter P,
the total temperature Ty, and the gas constant R can be expreased
ag functions of the distance x along the duct. In the application

of this method, the solutlion is obtained by assuming an arbitrary
relation between the statlc pressure and the distance x ag a first
aepproximation. The statlic-pressure parameter at each distance x

can be computed from the values of ares Ay, mass flow W, total
temperature Tt, %, and assumed pressure pyx. The velocity perameter
corresponding £0 the statio-pressure paremeter can be obtained from
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figure 2; the velocity ufw can then be calculated. From the valus

of the Reynold's number fﬁ for a duct, where pn is the viscosity

of the fluld, thg friction factor Cp y can be computed at any
distance alohg the dugt, The integrand in squation (26) cen :
therefore be plotted as g Functiop of the distance along the duct,
and the area under the curve betwesn the ipitial distange

(vhen x 1s O) and increasipg yalueg of gisbance ‘X can be
determined with a planimeter or by some method of approximate
integration such as Simpson’'s rule. A relation bstween the total
momentum and the distance along the duet can then be found, By
dividing the total momentum at a series of points along the duct by

the Ffactor W'VSRth,x: approximats values of the total-momentum
parameter are determined. These values of total-momentum parameter .
are used to obtain values of statlo-pressure parameter from figure 2.
From the values of statlc-pressure paremeter, a second approximation
to the variation of statioc pressure with distance along the duct is
determined. The process is repeatef using the second approximation
to the variation of static pressure with distance along the duct,
Successive applications of the foregoing procsdure lead to a relation
between static pressure and distance along the duct that is
consistent with the equation of motion and the eoquation of congerva-
tlon of energy.

Flight Propulsion Research Leboratory,
National Advisory Committee for Aeronautics,
Cleveland, Ohio, May 20, 1947.
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APPENDIX

SYMBOLS
The following symbols are used in this ieport:
area
veloclty of sound
eritical velocity of sound

friction factor or surface drag coefficient (based on wetted
aresa)

discharge cocefficient of nozzle

fusl-air ratio -

Jet thrust

sratlo of gravitational to absolute unit of mass (32.174 1b/slug)
lower enthalpy of combustion of fusel, Btu/lb
Mach number

hydrogen~carbon ratio of fuel

wetted perimeter

gtatic preassure

total pressure

gas constant, f£t-1b/1b °F

static temperaturs, °R

total temperature, °R

velocity, £t/sec

effective velocity, £t/sec

rate of mass flow
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x positlon ooordinete

Y ratio of specific heats

7n effective value of ¥ defined b¥° equation (7)

yp effective value of ¥ defined by equation (5)

Vi ratio.of epecific;heeteiat totel temperetufefcf fluid

1 abeolnte #iscbsit& o . ' -
density, slugs/cu £t L

¢ sum of external forces ecting on fiuid per unit length of duot

NUmerical subecripte are’ used to indicate successive stations:

wilithin a flow system irrespective of the aesignments of other sub-

scripts for geometrical concepts. - .

The subscripte a and b are used to differentiate two
different fluids.

Parameters:

u

=

velocity parameter

——fgé:: static-pressure parameter
WIQgRTt
DA
W \eBT,,

total-pressure paramster

u

/Vg——; vaEhTt

total-momentum parameter
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NACA TN No. 1419

TABLE I — CONSISTENT UNITS FOR THE DIMENSIONLESS PARAMETERS!

Pressure, p Areg, A Mass flow, W Constan%,’x
2
slug/sec 1
sq in.
1b/sec 32,174
1b/sq in. absolute
slug/sec 144
sq f¢
1b/sec 4633.1
slug/sec 0.0069444
sq in.
lb/sec 0.22343
1b/sq ft absolute
slug/sec 1
sq ft
1b/sec 32.174
slug/sec 0.49115
sq in.
lb/sec 15.802
in. Hg absolute®
slug/sec 70.727
sq It
1b/sec 2275.6
slug/sec 0.43314
sq 1in.
1b/sec 13.936
ft water absolute4 -
slug/sec 62,372
sq ft
1b/sec 2006.74

33

lThe conversion factor g, the gas constant 'R, and the
total temperature T; are to be taken with the follow-

ing units in order to make the units of the term‘VgﬁTt

feet per second:
g
R
Ty

The velocity u

32.174 1b/slug
ft-1b/(1b)(°R}
SR

is to be expressed in feet per second.

2Static-pressure and total-pressure parameters are made di-
mensionless by multiplying the parameter computed from
the given numerical data by the factor K.

SBased on density of mercury at 32° F.
4Based on density of water at 59° F.
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34 NACA TN No. 1419
TABLE 1I
VALUES OF THE DIMENSIONLESS PARAMETERS FOR CONSTANT SPECIFIC HEAY
[Ratio of specific heats y of 1.4d)

Pres~ | Velooity | Beoiprocal | Statice Total~= Total- Temperature | Mach
sure parameter | of velocity | pressure pressure momentum ratio numbey

ratio parameter parametor | parameter| parameter

2. —u . | VERTy —pA__ | Pt | wuepa - X
Pg VERTy u W /eRT, | W/ERT, | W /ERT, Te

0.99 0.14168 7.08841 7.03817 | 7.1083 7.1798 0.99713 0.11991
- «20072 4.98208 4.956559 | 5.0545 5.1541 «99424 «17013
97 «246828 4.,06042 4,02524 | 4.1497 4.2718 «90134 +20905
«96 268490 3.50007 3.46027 | 3.6138 S.7542 «98840 24220
98 «31912 3.13360 3.,08801 | 33,2805 3.4071 «98645 «27169
«54 +«38023 2.85626 2.,80522 | £.9843 3.1554 +98248 +20863
«93 «37901 2.,83846 2.58432 2.7788 2.9633 « 97948 « 32368
«92 +40595 2.46338 2.40538 | 2.6145 £.,8113 «97646 «34720
01 +43140 £.318056 2,25642 | 2.4796 2.6878 «07341 « 36954
«90 45561 2.,19486 2.12077 | 2.3664 £2.5864 «97034 «39090
«89 47878 2.08865 2.,02085 | 2.2699 2.4990 +967256 41144
88 «50106 1.99580 1.,92422 2.1866 2.4253 «968414 «43127
87 «522585 1.91370 1.839056 | 2.1138 2.3616 «96099 +45051
+86 54336 1.8404) 1,76278 | 2.0498 2.3081 «95782 «46922
«85 «58357 1.77442 1.69391 | l.9928 2.2575 «95483 «48749
«84 «58324 1.,71458 1.63126 | 1.9420 2.2145 «95140 «50536
«82 +«62118 1,60986 1.52111 | 1.8580 2.1423 94488 +54009
+80 «65754 1.52082 1.42689 | 1.7836 2.0844 +93823 «57372
«78 «89260 1444384 1.54489 l.7242 2.0376 «05147 +80650
«78 «72657 1.37633 1,272563 1.6744 1.9991 «92458 «83862
<74 +75963 1.,31844 1.20792 1.63238 1.96756 « 91757 «670282
72 «79191 1.,26278 1.14964 | 1.5967 1.9416 «91041 «70144
«70 «823563 l.21428 1.00863 1.,5666 1.9202 +90311 «75240
«88 +85460 1.,17013 1,04805 1,56412 1.9026 +89566 «78318
«68 +88621 1.12968 1.00322 145200 1.8884 +«88806 79589
«64 «91543 1,00238 «56181 1.,5025 1.,8770 «88028 «82461
«68 « 94533 1.,05783 «92278 1,4884 1.88681 «87234 «85542
«60 «97498 1.02666 +886837 1.4773 1.8614 +86420 +B8639
«58 1.00444 «99558 «85208 l.4691 1.85656 «85587 « 91761
«56 1,03377 «96734 +81966 1.4637 1.8534 «84735 «94914
54 1.08301 «94073 «78687 11,4809 1.,851¢ «83857 « 98107
52 1,00222 +81557 +75954 1.4608 1l.8518 «82958 1,01348
«50 1.12148 +89170 731560 | l.4830 1.8529 +82034 1.04648
48 1.,15078 +86899 «70460 | 1,4679 1.8564 +81082 1.08008
046 1,18019 84732 67873 | 1.4758 1.8589 «80102 le11446
44 1,20979 82659 «65376 | 1.4858 1.8636 «79091 1.,149870
42 1.,23964 +80669 «62960 | 1.4990 1.8692 « 78047 1,18591
«40 1,26978 « 78754 +60814 | 1.5154 1.8759 « 76967 1,22324
«38 1,30027 «78907 «58332 145350 1.8836 « 75847 1,26183
«36 1.35120 «75120 +56103 | 1.5584 1.,8922 «746684 1.,30186
o34 1.36264 « 73387 «53921 | 1.5889 1.,9018 073474 1.34353
32 1.30487 «71702 «51778 1,6180 1.8124 «72213 1.38707
«30 1.,42740 +»70058 +49666 | 1.6565656 1.9240 +70893 1,43278
«28 1.46093 68449 «47879 | l.6902 1.9367 +89510 1.48096
«26 1.49542 +66871 «45508 1.7503 1,95056 «68053 1.53208
24 1.,53100 «66317 «45445 1.81082 11,9654 +66515 1.58655
«22 1.56790 «63780 «41381 1.8810 1,9817 »84681 1.,64510
«20 1.60633 +62254 «39306 | 11,9663 1.99094 -63138 1.,708%4
.18 1.64662 «60730 «37207 | 2.,0671 2,087 «61268 1.77951
«16 1,68917 |, 58201 «35070 | 2.1919 2.0399 «59239 1.85484
14 1.73481 «57653 «328756 | 2.3482 2.,0632 «57021 1.94130
012 1.78340 +56073 «305696 | 2,5496 2,0894 54564 £2.04046
10 1,83694 «54438 +«28196 | 2.,8108 2.1189 51795 2.15719
«08 1.,80692 «58717 «25618 | 3.,2023 2.1531 48596 2.29978
«068 1.96640 «50854 «R8763 | 3.7938 2.1940 44761 £2.,48403
«04 2.05170 48740 «19430 | 4,8576 2.2460 +39665 2.74635
«02 217044 46074 «15087 | 7.,5336 23211 «3R8702 320771
«01 2.26821 «44188 «11884 | 11,8538 23017 «26827 S.69296
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NACA TN No.

1419

TABLE III
VALUES OF THE DIMENSIONLESS PARAMETERS FOR VARIABLE SPECIFIC HEATS

[Batio of specific heats at the total temperature of the fluid Yy of 1.3§]

Pres-| Veloclity Reciprocal Static- Total=- Total- Temperature
sure parameter | of veloclity| pressure pressure momentum ratio
Fratlo parameter parameter | parameter| parameter
B u t PA PgA Wu + PA %_
Py VERT, u W /ERT | WVERT, | W /ERT, t
0.99 0.14169 7.05761 7.03964 7.1108 7.1813 0. 99745
.98 + 20075 4,98127 4,95680 5.0869 5.1566 « 99489
«97 « 24834 4.05951 4,02824 4,1528 4,2746 « 99230
.96 « 28499 3.50885 3.47266 3.6174 3.7576 « 98969
.95 « 31925 3.13230 3.09178 3.2545 3.4110 « 98708
94 « 385041 2,85382 2.80931 2.,9886 3.1597 «98441
«93 « 37923 2,63694 2,58876 2,78368 2.5679 « 98173
«92 « 40621 2.46176 2.41014 2.6197 2.8164° « 97903
«91 < 43172 2.31634 2.26146 2. 4851 2,6932 « 97631
«90 +«45599 2.19304 2.13508 2.3723 2.5911 « 97357
.89 « 47922 2.08672 2,02577 2,2762 2.5050 « 97080
.88 50156 1.99380 1,93000 2.,1932 2,4316 « 96800
»87 « 52311 1.91163 1.84508 2.1208 2,3682 . 96518
«86 « 54400 1.83824 1.76900 2.0570 2,3130 « 96233
.85 « 56428 1.77217 1.70035 2.0004 2,2648 « 95947
«84 +« 58403 1.71224 1,63789 1.9499 2.2219 « 95658
«82 .62214 1.680737 1,52811 1.8636 2.1802 « 95069
«80 « 85868 1.51820 1.43428 1.7928 2.0929 « 94471
«78 » 69392 1,44108 1.35260 1.7341 2,0465 « 93860
«76 « 72810 1.37344 1.28056 1l,68850 2.0087 « 93238
.74 «76137 1.31341 1.21624 1.6436 1.9776 « 92601
.72 »79389 1.25962 1.15823 1.6086 1.9821 «91951
« 70 «82576 1.21101 1.10548 1.5793 1,9312 «91286
.68 «85709 1.18674 1.05716 1.5546 1.9142 «» 90608
« 66 +«88797 1.12616 1.01256 1,5342 1.80056 «89913
+« 64 «91848 1,08876 «97118 1.5175 1.8897 «89201
.62 « 94869 1.05408 « 93254 1.5041 1.8812 . 88469
« 60 » 97867 1.02180 .89636 1,4939 1.8750 «87724
« 58 1.00847 « 99160 .86227 1.4867 1.8707 «86957
«56 1.03815 . 96325 « 83000 1.4822 1.8682 «86167
«54 1,068776 . 93654 « 79940 1,4804 1.8672 «85357
«52 1.09737 «91127 « 77022 1.4812 1.8678 «84521
. 1.12704 .88728 « 74230 1.4846 1.8893 «83660
+48 1,15678 «86447 +«71554 1,4907 1.8723 «82772
+46 1.18669 .84268 « 68978 1,4995 1.8765 81866
44 1.21678 .82184 « 66494 1.5112 1.8817 « 80908
<42 1.24713 .80184 . 64089 1, 5259 1.8880 « 79928
« 40 1.27782 . 78258 + 61754 1.5439 1.8954 «78911
«38 1.30892 « 76399 « 59477 1.5652 1.9037 « 77851
« 356 1.34048 71602 « 572586 1.5904 1.9130 « 76748
«34 1.37254 « 72858 « 55075 1.6199 1.,9233 « 75593
32 1.40528 «71160 « 52938 1.6543 1.9346 «74390
«30 1.43875 « 69505 « 50822 1,6941 1.9470 73120
.28 1.47306 « 67886 « 48732 1,7404 1.9604 « 71785
«26 1.50840 « 856205 « 46660 1.7946 1.9750 « 70382
«24 1.54486 « 64731 « 44593 1.8581 1.9908 « 68891
22 1.58274 « 63182 +» 42517 1.9326 2.0079 « 67293
20 1.62223 «61644 « 40432 2.0216 2.0266 « 65590
.18 1.,66369 « 60108 « 38312 2.1284 2,04€8 « 63738
«16 1.70746 « 58567 « 36153 2.2595 2,0690 » 61729
14 1.76418 « 57006 « 33927 2.4234 2.,0935 « 59514
«12 1.80453 +55416 « 31611 2,6343 2.1206 « 57043
«10 1.85981 +« 53769 26168 2.,9168 2.1516 « 54247
.08 1,92172 « 52037 « 26524 3.3155 2.1870 » 50972
+08 1.,99344 « 50165 « 23881 39302 2.2202 « 47007
«04 2,08139 « 48045 «20121 5.0303 2.2826 «41880
«02 2,20297 « 45393 «15544 Te 7720 2.3584 ¢ 34243

NATIONAL ADVISORY

COMMITTEE FOR AERONAUTICS

35



36

TABLE III - Continuea

NACA TN No.

VALUERS OF THE DIMENSIONLESS PARAMETERS FOR VARIABLE SPECIPIC HEATS -~ Continued

[Ratlo of specific heats at the total temperature of the fluid y¢ of 1.50ﬂ

Pres- | Velocity Reciprocal Static- Total~ Total-~ Temperature
sure parameter | of veloclity | pressure pressure momentum | ratlio
ratio parameter parameter | parameter | parameter
B y VERTy P PrA_ | MuspA z
Py VERT, W VERT, | W /BRT, | W /&RT, t
0.99 0.14171 7.05686 7.04051 7.1116 7.1822 0.99768
.98 « 20077 4,98092 4.95775 6.058¢9 5.1585 . 99535
« 7 « 24638 4.08877 4,03032 4,1550 4,2767 » 89299
«96 « 285086 3. 50808 3,47516 3. 6200 3.7602 . 96061
«95 « 31934 3.13143 3.,09453 3,2574 341359 98822
«94 « 35053 2,85282 2.81233 2.9618 3.1629 « 98580
«93 « 37938 2.63590 2. 59206 2,7872 2,9714 98336
«92 « 40641 2,46059 2.41360 2. 6235 2.8200 « 98090
«91 43195 2.31509 2.26513 2.4892 2. 6971 « 97842
« 80 « 45626 2.19173 2.,13897 2,3766 2.5952 « 97592
89 « 47954 2.08534 2,02987 2,2808 2.5094 « 97340
.88 « 50192 1.99234 1.93425 2,1980 2.,4362 97084
«87 « 52353 1.21011 1.84950 2.1259 2. 3730 « 96827
.86 « 54447 1.83666 1.,77361 2,0623 2.3181 « 96567
«85 « 56480 1.77054 1,70513 2,0060 2.2699 « 96306
.84 « 58461 1,71054 1,64281 1.9557 2,2274 « 96040
«82 « 62284 1.60556 1,53337 1.8700 2.1562 « 95504
«80 « 85951 1,51628 1.43977 1.7997 2,0993 « 94955
.78 « 69490 1.43905 1.35843 l.7416 2,05633 * 94397
.78 « 72923 1.37131 1,28663 1.6929 2.,0159 « 93825
74 « 76267 1,31118 1,22288 1.6521 1.9852 « 93243
«72 . 79536 1.25729 1.16482 1.6178 1.9602 « 92645
«70 82742 1.20887 1.11231 1.5890 1.9397 « 92035
+«68 +«85896 1,16420 1.06422 1.5650 1.9232 «91412
«66 +«89005 1.12363 1.01985 1,5452 1,909¢ « 90772
<64 « 92079 1,08603 « 97871 1.5292 1.8995 « 20119
.62 «85124 1.05126 « 94029 1.5166 1.89156 «59444
« 80 «98147 1.01888 « 90430 1,5072 1,8858 .88754
.58 1,0118656 . 98859 « 87044 1,5008 1.8820 « 88049
« 58 1.04152 « 96013 « 83837 1,4971 1.8799 .87318
«54 1.07144 « 93332 «80797 1.4982 1.8794 +«86569
«52 1.10138 « 90795 « 77897 1.4980 1.8804 «85794
+ 50 1.,13139 .88387 «75125 1.5025 1.8826 . 84996
.48 1.,18151 «88095 72467 1.5097 1.8862 .84171
«48 1.19179 «83907 « 69911 1.5198 1.8909 «83319
e44 1.22232 «81811 « 67447 1.5329 1.8968 «82442
.42 1.25312 « 79801 « 85060 1.5490 1.9037 «8152,
« 40 1.28428 «77864 « 62743 1.5686 1,9117 +805
«38 1.31588 « 75895 - 60484 1.5917 1.9207 « 79689
« 36 1.34798 « 74185 « 58274 1.6187 1.9307 « 78552
«34 1.,38064 « 72430 « 56114 1.8504 1.9418 o T7474
32 1.41402 « 70720 « 53992 l.6872 1.9539 « 76345
« 30 1.44817 « 69053 «51893 1l.7298 1.9671 « 75150
+ 28 1l.48322 « 67421 « 49822 1l.7794 1.8814 . 75897
.26 1.5193%7 « 65817 « 47762 1.8370 1.9870 « 72568
24 1. 55675 « 64236 «45712 1.9047 2.0139 «71162
«22 1. 359561 « 862672 « 43649 1.9840 2.0321 +« 69647
+» 20 1.63618 « 61118 «41577 2.0789 2.0520 » 58028
.18 1.67884 « 56565 « 39472 2,1929 2.0736 . 86268
16 1.72398 « 58005 « 37324 2,3328 2.0972 + 84348
«14 1.77227 + 56425 « 36108 2.8077 2.1234 « 82820
«12 1.82448 « 54810 « 32802 2. 7335 2.1526 « 58846
«10 1.88198 «53136 » 30362 3. 0362 2.1856 «57141
«08 1,94648 + 81375 « 27726 Se 4657 2. 2237 » 53068
.08 202167 49464 « 24772 4.1287 2.2694 « 50081
«04 2.11444 « 47204 « 21294 5,3236 2.3274 « 45026
«02 2.24402 «44563 «16657 8,3284 2,4106 « 37378
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NACA TN

VALUES OF THE DIMENSIONLESS PARAMETERS FOR VARIABLE SPECIFIC HEATS - poncluded
[Ratio of the specific heats at the total temperature of the fluid Y of 1.26]

No. 1419

TABLE III - Concluded

Pres-| Velocity | Reciprocal Static- Total- Total- Temperature
sure parameter | of velocity | pressure pressure momentum ratio
ratio parameter parameter | parameter| parameter
B u vaRrTy ph PtA Wu + pA %‘
Py VERT, u % VERT, | WVERT, | W /ERT, t
0.99 0,14164 7.05990 7.04529 7.1164 7.1869 0,99783
.98 « 20077 4.98087 4,96015 5,0614 5.1609 « 99584
« 97 « 24648 4.05712 4.03169 4.1564 4,2782 « 99373
+«86 « 28520 3. 50627 3. 47682 3. 6217 3.7620 « 99160
«95 « 31947 3.,13015 3.,09716 3.26802 3.4166 « 98946
.54 « 35063 2.85200 2,81575 2,9955 3:1664 «98729
«93 -« 37953 2,63481 2.59558 2. 7910 2,9751 98511
«92 « 40656 2,45965 2.41769 2.6278 2.8242 « 98280
+91 .43218 2.31387 2.26914 2.4936 2,7013 « 98067
«90 « 45660 2,19008 2.14286 2. 3810 2,5995 < 97844
«89 47985 2.08399 2.03433 2.2858 2.5143 « 97617
.88 « 50235 1.99066 1.93866 2.2030 2.4410 » 87388
«87 . 52394 1.808863 1,85435 2,1314 2,3783 «97156
«86 +» 54500 1.83485 1.77839 2.0679 2.3234 « 96923
+85 « 56537 1.76874 1.71016 2.0120 2.2755 « 96688
.84 58519 1,70884 1,64817 1.9621 2.2334 « 96450
«82 « 823556 1.60373 1.53803 1.8769 2.1626 « 95966
«80 « 66043 1.51416 1.44582 1.8070 2.1060 « 95473
.78 . 869594 1.43690 1.36463 1.7495 2,0606 « 94971
.76 « 73046 1.36899 1.29308 11,7014 2,0235 +« 94455
.74 « 76404 1.30883 1.22838 1.6613 1.9934 « 93930
.72 «79696 1.25477 1.17183 1.6278 1.9688 « 83390
« 70 .82918 1.20602 1.11964 1.5995 1.9488 « 92838
.88 + 86094 1.16153 1,07179 1.5762 1.9327 « 92274
+66 +89226 1.12075 1.02768 1.58571 1.9199 « 91695
«64 « 92324 1.08314 « 98677 1,5418 1.9100 « 91103
.62 + 95386 1.04826 « 94857 1.5300 1.9025 « 850490
«60 « 958448 1.01577 « 981283 1.5214 1.8973 .89866
+«58 1.01486 « 98535 «87915 1,5168 1.8940 . 89222
« 56 1.04511 «85683 « 84733 1.5131° 1.8924 .88556
« 54 1.07538 « 92990 .81717 1.5133 1,8926 .87877
«52 1.10568 « 90442 « 78839 1.51€61 1,8941 87170
« 50 1.13606 +«88024 «76088 1.5218 1.8969 +86440
«48 1.16655 .85723 « 73452 1.5302 1,9011 . 85685
«46 1.19727 +83524 « 70919 1,5417 1.9065 « 84909
«44 1,22825 «81417 . 68472 1.5562 1.9130 «84100
42 1,.25951 « 79396 +» 66106 1.5740 1l.9206 «83261
«40 1.29122 77446 « 63807 1.5952 1.9293 +82389
« 38 1,32337 «755656 « 61567 1.6202 1.9390 «81476
« 36 1.35604 « 73744 59381 1,6495 1.9498 80523
o354 1.38936 «71976 « 57240 1,6835 1.9618 « 79526
.32 1.42343 «70253 +« 585135 1.7230 1.9748 . 78481
« 30 1.45832 . 68572 « 53059 1,.7686 1.,9889 « 77377
.28 1.,49416 «» 66927 « 51007 1.8217 2.0042 +«76212
«26 1.53124 +» 65307 » 48962 1.8831 2.0209 . 74972
.24 1,56957 » 63712 « 46931 1.9554 2.0389 « 73661
22 1.60549 « 62131 +« 44884 2.,0402 2,0583 « 72240
«20 1,65124 . 60561 « 42833 2.1416 2.0796 « 70727
.18 1.69522 - 58989 * 40743 2.2635 2.1027 « 69069
«16 1.74191 « 57408 « 38608 2. 4130 2.1280 « 67252
«14 1.79191 « 55806 « 56409 2., 6006 2.1560 +« 65241
.12 1.84613 « 54187 « 34114 2.8428 2.1873 « 62978
«10 1.90602 « 52465 « 31687 3.1687 2.,2229 « 80396
.08 1.97351 « 30671 « 20054 35.6318 2.,2640 « 57339
+086 2,05257 +« 48719 « 26099 4,3499 2,3136 « 53571
+04 2,15067 « 46497 « 22607 5. 6518 2, 3768 . 48621
.02 2.28916 + 45684 »17918 8.,9592 2. 4684 +41018
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‘TABLE 1V

VALUES OF THE DIMENSIONLESS FARAMETERS AT THE CRITICAL PRESSURE RATIO
Ratio|Critical}Velocity |Reciprocal |Static-~ |Total~ Total=- Temper=
of pressure|parameter|of velocity|pressure |pressure |momentum }ature
spe- |ratio parameter |parameter]parameter|parameter|ratio
cific
heats

Y P_ u vﬁ?ﬁﬁf' pA Pyh Wu + pA Py

Py VERT, w |w/ERT, [w/EE [w/eRT, [ T

a1.40] 0.52828] 1.0801 0,92582 0,77152 1l.4604 1.8516 | 0.833533
b1.54 .536256] 1.0733 «93169 »79382 1,4803 1.8671 «B5203
b1..'50 .54340| 1.0664 93777 «81302 1.4962 1.8794 «56697
b1.2el 550807 1,058¢ - 94458 83342 1.,5128 1.8923 88250

8constant ratio of specific heats.

byariable ratio of speclfic heats;
heats at total temperature of the fluid.

MATIONAL ADY ISORY
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